Background: There is a paucity of animal study investigating the effect of methamphetamine (METH) on penile erection in spite of its worldwide population. Aim: We investigated the changes of intracavernous pressure (ICP) elicited by cavernous nerve stimulation after a single and repeated dosing of METH in male rats. Methods: Rats were randomly assigned to five treated groups and one control group with each group having 3 rats. Rats in treated group 1, 2, and 3 received a single dose intravenous injection with 0.1, 1.0, and 10.0 µg/kg METH, respectively. Rats in treated group 4 and 5 received an intraperitoneal injection with 1.0 and 5.0 mg/kg METH four times daily for two weeks, respectively. ICP was measured during penile erection elicited by cavernous nerve stimulation. Expression of neural nitric oxide synthase (nNOS) was measured in the cavernous nerve and muscle after single and repeated dosing. Main Outcome Measures: The primary outcome measure was the ΔICP/mean arterial pressure (MAP) and the secondary was the expression of nNOS in the tissue. Results: The ΔICP/MAP increased slightly in group 1 rats and decreased substantially in group 2 and 3 rats compared with the baseline. A single dose of METH within the range of 0.1 to 10.0 µg/kg exhibited an inhibitory effect of ICP (%). The ΔICP/MAP significantly decreased in group 4 and 5 rats after repeated dosing of METH, compared with that in group 3. The expression of nNOS significantly increased in the cavernous muscle after single and repeated dosing of METH compared with the control.
INTRODUCTION
Illicit drug abuse poses important public health problems in many parts of the world. [1] Amphetamines refer to a group of drugs whose principal members include amphetamine and methamphetamine (METH). METH is a highly addictive central stimulant that enhances the release and blocks the reuptake of dopamine and norepinephrine in the central nervous system. [2] Owning to easily being manufactured using available products, METH becomes the second most popular illicit drug worldwide, with an annual global prevalence estimated at 0.4%. [3] The half-life of METH lasted for 10 h. [4] Because the pleasurable effect of METH disappears before the drug concentration in the blood falls significantly, users try to maintain the high by taking more of the drug, [5] and are likely to have overdose, vascular complications, and even mortality. [6, 7] The connections between illicit drugs and sexual function are complex. Social and psychological factors can influence substance use and sexual function independently, and their interaction. [8] The illicit drugs are often seen as aphrodisiacs although the available research suggest that most psychoactive drugs have deleterious acute and chronic effects on male sexual functioning. [8] [9] [10] Of the so-called "club drugs" or "party drugs," METH is the most strongly associated with sexuality and sexual behavior. [11] Diverse effects of amphetamine on sexual function were reported, including positive effects (spontaneous erection and enhanced sexual desire) and negative effects (reduced libido and arousal, impaired erection, and difficulty in achieving orgasm). [8, 10] The effect of METH on erectile function has rarely been investigated, and its pathophysiology remains unknown despite its popularity. An animal study was conducted to investigate the effect of single and chronic dosing of METH on intracavernous pressure (ICP) in rats.
METHODS

Preparation of animals
The study protocol followed the rules of Animal Experimental Guideline and was approved by the Institutional Animal Care and Use Committee at our institution (97-31). Male Sprague Dawley rats (350-450 g, Taiwan) were housed under a 12-hour light-dark cycle in room temperature 20°C-22°C 2 mp were fed with regular diet (LabDiet ® 5001 Rodent diet, Purina Mills LLC, St. Louis, MO, USA) and water.
The animals were anesthetized with urethane (0.6 g/kg) and chlorohydrate (0.4 g/kg) through intraperitoneal injection. The carotid artery was cannulated with a polyethylene catheter (Clay-Adams PE-50; ID = 0.58 mm, OD = 0.965 mm, Becton Dickinson, Sparks, MD) flushed with heparin to measure mean arterial pressure (MAP). The jugular vein was cannulated with another PE-50 for drug administration.
The major pelvic ganglion and cavernous nerve were approached to elicit penile erection. The probe set on the cavernous nerve was connected to an S48 stimulator (Grass instrument, MA, USA) with a currency of 0.2 ms (pulses), 2 mA, 20 Hz. One session of stimulation lasted 40 s with a 10-min interval.
The ICP catheter was inserted accordingly. [12] Right proximal corpus cavernosum was exposed by dissecting the ischiocavernosus muscle. A 25-gauge needle attached to a heparinized PE-50 was inserted into the crus of corpus cavernosum and fixed to scrotal skin by a 5-0 pouch suture. The tubing that was attached to a polygraph 7E (Grass Instrument, MA, USA) was connected to a computerized data acquisition system to record the pressure change.
Study design
The study rats were randomly divided into five groups, each containing three rats. The rats in group 1, 2, and 3 received a single dosing through intravenous injection by 0.1, 1.0, and 10.0 µg/kg METH, respectively. The data of MAP and ICP were recorded before and 10 minutes after dosing. The rats in group 4 and 5 received intraperitoneal injection with 1.0 mg/kg and 5.0 mg/kg METH, respectively, four times daily for 14 days. Data of ICP were obtained in the following day after completion of repeated dosing.
METH abusers usually consume 100-1000 mg daily, blood levels reaching approximately 0.01 to 2.5 mg/L (median 0.6 mg/L) and may take up to 5000 mg in chronic users. [13] The study rats administered up to 10 mg METH was equivalent to the doses taken by abusers. [13] Drug administration would only start waiting 30 minutes after cannularization when MAP becomes stable. ICP data were recorded 1 min after the cavernous nerve stimulation. ΔICP was the figure of ICP after stimulation minus that at baseline. Ratio of inhibition of ICP was the ICP after dosing divided by before. Inhibition of erection to half (IE 50 ) was defined as the dose of METH required to inhibit 50% of ICP.
Immunohistochemical expression
After completion of the ICP study, the rats in groups 3, 4, and 5 were euthanized for immunohistochemical expression. Penile tissue was fixed with 10% neutral formalin solution. The penile tissue was harvested and dehydrated by xylene and alcohol, was immersed in 10 mM citrate buffer, was heated to boiling for 20 min in a microwave oven, and was processed for immunohistochemical staining by EnVision and Dual Link System Peroxidase (Cat. NO. K5007, DakoCytomation, Denmark). After reaction with 3% H 2 O 2 for 10 min, specimen was marked by Dako Pen (Red, CA, USA), immersed in phosphate-buffered saline (PBS) for 2 min and processed with primary antibodies of neural nitric oxide synthase (nNOS)/NOS type 1 (1:500x, Biosciences, San Jose, CA, USA, 610309) and alpha-smooth muscle actin (α-SMA) (1:500x, Abcam, Cambridge, UK, ab18147) for 2 h. The specimen then was processed with PBS immersion, reacted with peroxidase-labeled polymer-HRP, PBS immersion, reacted with chromogen, and finally stained with Mayer's hematoxylin.
The positive cell number for nNOS in cavernous nerve and corpus cavernosum muscle was calculated under ×400 microscopic field. The α-SMA positive area (%) was calculated by a formula of (α-SMA positive area ÷ cross section area) × 100 using Image-Pro Plus Image System (Image Pro-Plus, Rockville, MD, USA).
The control group for immunohistochemical expression did not receive METH dosing.
Statistical analysis
All the analysis of this study was processed in Statistical Package for the Social Science version 12.0 (SPSS Inc., Chicago, Illinois, USA). Data were presented as a mean ± standard deviation. Mann-Whitney U-test was used for the categorical comparison. Probability values of lower than 5% were considered significant. The half of inhibition erectile (IE 50 ) was calculated by linear regression.
RESULTS
Acute effects on intracavernous pressure
This study was conducted from 2009 to 2010. The animal model of using rats for this study was successfully established. An elevation of ICP without significant change in the MAP was recorded in 40 seconds after cavernous nerve stimulation at 2 mA [ Figure 1 Figure 5 ] and an IE 50 of 0.71 µg/kg. We, then, investigated the changes of ICP after repeated dosing of METH and compared with after single dosing. Chronic dosing of METH in group 4 (1.0 mg/kg) and group 5 (5.0 mg/kg) rats resulted in a significant reduction in the ΔICP/MAP than a single dose of METH in group 3 (P < 0.05) [ Table 2 ]. Chronic dosing of METH did not show a dose-dependent effect with its percentile of inhibition on ICP [ Table 2 ].
Increased expression of neural nitric oxide synthase in the cavernous muscle
The expression of nNOS in the cavernous muscle significantly increased in group 3 (a single injection with 10.0 µg/kg METH), group 4 (repeated dosing with 1.0 mg/kg METH for 14 days), and group 5 rats (repeated dosing with 5.0 mg/kg METH for 14 days) when compared with controls (P < 0.05) [ Table 3 ]. No significant difference in the nNOS expression (%) in cavernous nerve and α-SMA expression (%) in cavernous muscle was found between treated groups and control [ Table 3 ]. No significant change in the penile tissue in HE stain was observed in the treatment group (groups 3, 4, and 5) and control.
DISCUSSION
There is a paucity of animal study investigating the effect of METH on penile erection in spite of its worldwide population. We investigated the changes of ICP after a single dosing and repeated dosing of METH using rats as experimental animals. Our results showed that a single injection of METH exerted a dose-dependent inhibition on ICP and repeated dosing of it exerted a higher inhibition of ICP than a single injection. Furthermore, increased expression of nNOS was demonstrated in the cavernous muscle after dosing of METH. These data may provide important knowledge to health-care providers because most abusers are at sexually active age when sexual function may be a concern to them. 
Inhibitory effect on intracavernous pressure
To the best of our knowledge, only two animal studies, including ours, investigated the effect of METH on ICP.
A similar animal study in rats showed that acute (10 mg/kg) and chronic (an escalating dose regimen: 2.5 mg/kg in 1 st week, 5 mg/kg in 2 nd week, and 10 mg/kg in 3 rd week) administrations of METH had an approximately 50% impairment of ICP/Blood pressure ratio compared to untreated animals. [13] These findings were compatible with clinical observations that METH abuse increases the risk of erectile dysfunction (ED). [9, 10] Cross-sectional studies in 1159 METH monodrug users showed that the odds ratio of ED for METH use was 2.1 (95% confidence interval = 1.2-3.6) compared with normal controls. [10] Exposure to METH elicits a significant increase of spontaneous erections in rats with unknown mechanism. [13] The increase of spontaneous erection should never be interpreted as having improvement in penile rigidity.
METH users are liable to having tolerance after a certain period of exposure; users may easily become addicted and consume it with an increasing frequency and dosage. Our study showed that the inhibitory effect of METH on ICP after repeated administration was greater than that after a single administration. This finding may indicate that chronic use of METH increases the risk of vascular complications.
Mechanism of inhibition on intracavernous pressure
Several possible mechanisms may be attributed to inhibition of METH on ICP. METH enhances release and blocks reuptake of dopamine and norepinephrine that both have strong vasoconstrictive properties. [2, 4] A deficiency of adenosine A1 receptor, responsible for reuptaking norepinephrine, increased norepinephrine level in the corpus cavernosum, and impaired penile erection in METH abusers. [14] Acute and chronic administration of METH induces neurotoxicity in the brain attributed to an increase of reactive oxygen species (ROS) and nitrogen species in there [15] [16] [17] contributing to ED through impairing relaxation of penile arteries to hypoxia. [18] METH would upregulate NOS expression and enzymatic activity in cerebral microglia from wild-type mice. [19] An increase of NO at the hippocampal formation plays an active role in negative feedback regulation of penile erection and elicited a dose-dependent reduction in baseline ICP. [20] Increased neural nitric oxide synthase expressions in cavernous muscle
Our study showed nNOS expression was increased in cavernous muscle, but not in cavernous nerve, after METH dosing [ Table 3 ]. Nitric oxide contributes to vascular smooth muscle relaxation. [21] Increased expressions of nNOS were considered beneficial for penile erection. However, METH also exerted strong peripheral and central adrenergic stimulation [4] which may mask the vasodilatory effect of increased nNOS. Another possible explanation was that increased nNOS was a compensation for reduced production of nitric oxide due to vasoconstriction and reduced blood flow.
In contrast, increased nNOS after METH administration provoked an excessive oxidative stress that compromises blood supply and induces neurotoxicity. [22] nNOS may easily undergo uncoupling under oxidative stress and generate ROS rather than NO. [23] More studies are needed to elucidate the effect of increased nNOS expressions in smooth muscle after administration of METH.
METH abuse was associated with neurotoxicity due to dopamine deficits in the central nervous system. [24] Expressions of nNOS in pelvic ganglion cells showed no significant change when compared with control. This might indicate that peripheral neural system was not affected by METH administration. α-SMA, a marker of myofibroblast formation, showed no significant change in tissue after METH administration suggested myofibroblast does not play a role in the pathophysiology of METH.
Limitations
Several limitations existed in our preliminary study. We did not have sham-controlled group. We had a small experimental animal number that made our data less METH HCL was intravenously injected at a single dose of 10 µg/kg in male rats, e METH HCl was intraperitoneally injected at repeated doses of 1 and 5 mg/kg four times a day for 14 days in male rats, *Significant differences between the treated and control groups (P<0.05). nNOS: Nitric oxide synthase, α-SMA: α-smooth muscle actin, METH: Methamphetamine convincing. The reproducibility of our data should be questioned and needed studies with adequate number of animals to confirm the results. Whether the doses of METH administered in this study were similar with abuser's dose were not known. In the study of repeated dosing, the fixed different doses, instead of an escalating dose regimen, of METH were administered. This flaw of study design limited the application of our study results.
There are three types of NOS, but only nNOS was qualitatively assessed in this study. Although increased expressions of nNOS were first found in this study after administrations of METH, pathophysiology of ED in abusers remains unknown and warrants further study.
CONCLUSIONS
This study indicated that a single dosing of METH has an inhibitory effect on ICP. Repeated dosing has a greater inhibition on ICP than a single dosing. Administration of METH increases nNOS expression in cavernous muscle. Our findings suggest novel insights into the ICP regulation and may be helpful in understanding the pathophysiology of erectile dysfunction in METH abusers.
Financial support and sponsorship
This study was funded by a research grant from Food and Drug Administration, Department of Health, Executive Yuan, Taiwan (DOH97-NNB-1035).
